We describe experiments demonstrating efficient transfer of molecules from a magneto-optical trap (MOT) into a conservative magnetic quadrupole trap. Our scheme begins with a blue-detuned optical molasses to cool SrF molecules to ∼ 50 µK. Next, we optically pump the molecules into a strongly-trapped sublevel. This two-step process reliably transfers 64% of the molecules initially trapped in the MOT into the magnetic trap, comparable to similar atomic experiments. Once loaded, the magnetic trap is compressed by increasing the magnetic field gradient. Finally, we demonstrate a magnetic trap lifetime of over 1 s. This opens a promising new path to the study of ultracold molecular collisions, and potentially the production of quantum-degenerate molecular gases.
In the last decade, there has been tremendous progress in the production of samples of ultracold polar molecules, beginning with techniques to assemble molecules from pre-cooled alkali atoms [1] [2] [3] [4] . These efforts have been motivated by the many proposed applications for ultracold molecules in precision measurement [5] [6] [7] , quantum information [8] [9] [10] and quantum simulation [11] , and ultracold chemistry [12] . For many of these applications, it is critical to use a sample with high phase-space density [13] .
Recently, techniques for direct laser cooling [14] and magneto-optical trapping of molecules [15] [16] [17] have been developing rapidly. Methods based on these starting points are being pursued as an alternate route to produce ultracold gases of polar molecules. There have been steady improvements in the number density and temperature achieved via these methods [17] [18] [19] . Nonetheless, the phase-space densities accessible via direct molecular cooling and trapping remain quite modest compared to those of their atomic counterparts. The success of sympathetic and evaporative cooling techniques for increasing the phase-space density of atomic samples [20, 21] provides inspiration for the pursuit of similar techniques using ultracold molecules. The first step towards implementing these techniques in molecular samples is to load molecules into a conservative trap.
The first magnetic trapping of a molecule was reported in Ref. [22] , using superconducting coils in a cryogenic buffer gas cell. Since then, several other experiments have observed magnetic [23] , electrostatic [24] , or mixed magnetic/electric [25, 26] conservative trapping of directlycooled molecules. However, in these experiments the temperature of the molecular cloud was always 400 µK, and typically 1 mK. Here, we report magnetic trapping of molecules laser-cooled to temperatures well below 100 µK.
The magnetic quadrupole trap (MQT) combines substantial trap depth ( 10 mK using normally conducting coils) with large trapping volume ( 1 cm 3 ) that match well to laser-cooled atomic and molecular clouds. The linear potential from an MQT also provides tight confinement and affords a simple experimental implementation. However, there are drawbacks to working with an MQT. One is an inability to confine the absolute internal ground state, so trapped samples can suffer losses due to two-body inelastic collisions. Another is vulnerability to Majorana spin-flip losses, which occur for sufficiently low-temperature samples [27] . Given the densities ( 10 6 cm −3 ) and temperatures (∼ 50 µK) presently accessible in molecular laser cooling and trapping experiments, neither of these mechanisms is expected to be limiting. This makes the MQT an excellent choice to realize the efficient transfer of molecules from a magnetooptical trap (MOT) into a conservative trap. Magnetic trapping of ultracold molecules has hence been a longstanding goal, as an attractive starting point for future studies of sympathetic cooling and ultracold chemistry [13] .
In this Letter, we demonstrate and characterize the transfer of SrF molecules from a radio-frequency (RF) MOT into an MQT. We apply sub-Doppler cooling followed by optical pumping (OP) to reliably transfer 64(2)% of the molecules initially trapped in the RF MOT. Once in the MQT, we increase the field gradient to compress the trapped cloud. Finally, we demonstrate a trap lifetime in excess of 1 s.
Our experimental setup for the RF MOT has been described in detail elsewhere [15, 16, 18, 28] . In brief, pulses of SrF molecules are produced using a cryogenic buffer gas beam source [29, 30] and slowed with a "white light" scheme employing lasers L 00 , L 10 and L 21 [31] . Here, L vv denotes a laser tuned to the
where v is the vibrational quantum number, N is the angular momentum excluding spin, J is the angu-lar momentum excluding nuclear spin, P is the parity, and prime indicates the excited state. Slow molecules are captured in the RF MOT, which includes the additional repump laser L 32 [16] . The RF MOT coils produce undesired electric fields that mix the J P = 1/2 − and J P = 1/2 + excited states and cause branching into the N P = 0 + , 2 + ground states. To return these molecules to the optical cycle, a repump laser, L N =2 00
, and microwaves (driving |v = 0, N P = 0 + ; J = 1/2; F = 0, 1 ↔ |v = 0, N P = 1 − ; J = 1/2; F = 1, 0 ) are applied in the RF MOT [16] .
RF sidebands are added to each of the MOT lasers to address the resolved spinrotation/hyperfine (SR/HF) structure in the SrF ground state. Molecular laser cooling uses type-II cycling transitions (F → F = F or F − 1, where F is the total angular momentum) [15] , where there exist ground-state sublevels not optically coupled to the excited state (i.e., dark states) for any fixed laser polarization [32, 33] . The RF MOT destabilizes these dark states by rapidly and synchronously reversing the trapping laser polarizations and the MOT magnetic field gradient [34] . More details on the RF MOT, including one additional repump laser, are given in the Supplemental Materials. An acoustooptic modulator (AOM) allows the MOT trapping laser intensity to be rapidly changed from the maximum value. A mechanical shutter allows all of the MOT light to be extinguished. Trapped molecules are detected by imaging laser-induced fluorescence (LIF) from the cycling transition with a CCD camera.
We define the time of the ablation laser pulse that initiates a molecular beam pulse as t = 0. To load the RF MOT, we apply the slowing lasers to the molecular beam from t = 0 to t = 35 ms and apply the trapping lasers at their maximum intensity from t = 0 until t = 67 ms. Once captured, the molecules are cooled and compressed by simultaneously reducing the trapping laser intensity over 50 ms and increasing the amplitude of the RF Bfield gradient by a factor of 2 [18] . The laser intensity and gradient amplitude are then held at their new values for 20 ms.
Next, we apply a sub-Doppler cooling stage. This allows us to choose the final trap laser intensity during MOT compression so as to produce clouds with maximum density (as opposed to minimum temperature or maximum phase-space density, as in our previous work [18] ). Here, the trapping laser intensity is reduced to 5% of the maximum value to produce clouds at 1.1(1) mK, with density 1.8× greater than when optimized for maximum phase-space density.
The sub-Doppler cooling is achieved using a bluedetuned molasses, similar to that recently demonstrated for CaF molecules [17] . At t = 137 ms, the RF MOT magnetic field gradient, polarization switching, and resonant microwaves are switched off. The trapping light is extinguished for 0.1 ms as the trapping laser frequencies are jumped up by +4.2Γ from the optimal trapping values (where Γ = 2π × 6.6 MHz is the natural linewidth); this produces a blue-detuned molasses with detuning ≈ +2.8Γ for each SR/HF level. The trapping light is then restored and applied to the molecules for 1.8 ms. All repump laser light is also present during this molasses stage. During the molasses, three orthogonal shim coils, centered on the trapping region, are rapidly switched on (within ≈ 1 ms) to produce small, tunable magnetic fields. After the molasses, all MOT light (trapping and repump) is extinguished and the trapping laser frequencies are returned to the original values used in the RF MOT for subsequent fluorescence detection of the molecular cloud.
At this and all later stages in the experiment, |N P = 0 + state molecules populated by microwaves during the MOT stage (see Supplemental Materials) no longer play a role in the signals (they are not addressed by the detection lasers). Assuming all 28 ground-state sublevels linked by lasers or microwaves are equally populated in the MOT [6] , we expect |N P = 1 − state molecules to comprise ≈ 24/28 = 86% of the molecules in the MOT. All discussion going forward refers to this |N P = 1 − state population. Molasses settings were optimized to produce clouds with minimum temperature, as determined by time-offlight (TOF) measurements (Fig. 1) . We find that optimal sub-Doppler cooling in SrF requires a magnetic field with a specific magnitude and orientation, and a total trapping laser intensity of ≈ 60 mW/cm 2 . (All laser intensities reported are averages over the 1/e 2 area of the laser beams.) Our empirically-determined optimum field approximately cancels Earth's field in our laboratory. The optimized molasses cools molecules to temperatures as low as T mol = 50(10) µK, with negligible loss in number. This temperature is a factor of ≈ 3 smaller than the Doppler temperature for this transition in SrF, T D = Γ/(2k B ) = 160 µK, and a factor of ≈ 5 smaller than our previous lowest temperature [18] . resonance. This stretched state provides the maximum magnetic confinement available in
(Approximately the same confinement is achieved in one additional state, |N P = 1 − , J = 3/2, F = 1, m F = +1 .) To achieve the OP, a circularly-polarized laser beam, with intensity ∼ 30 mW/cm 2 , is applied from t = 140 ms, and the shim coil currents are rapidly set to provide a ≈ 3 G quantizing field at a small angle to the propagation axis of the laser beam. The laser, with RF sidebands to address the relevant SR/HF structure, is tuned to the field-free resonance (defined as the carrier frequency that gives maximum LIF when the laser beam is applied transverse to the molecular beam).
At t = 142 ms, the OP light and quantizing magnetic field are switched off, and the MQT is rapidly switched on in 250 µs, to an axial gradient of 32 G/cm (oriented vertically). (The levitation gradient for the |F = 2, m F = +2 state is 19 G/cm.) The gradient can then be increased to a value as large as 140 G/cm over the next 100 ms to spatially compress the trapped cloud. The 3.6 mH inductance of our MQT coils makes rapid changes in current technically challenging. We use driving circuitry substantially based on the designs described in Ref. [35] and discussed in more detail in the Supplemental Materials.
To probe properties of the magnetically trapped molecules, including molecular cloud number and temperature, we use our standard TOF fluorescence imaging [18] . The trapping field is switched off rapidly, using another custom circuit (see Supplemental Materials). The current in the trapping coils is fully switched off within 1 ms, during which time the molecular cloud expands negligibly. We apply all MOT lasers at their full intensities (but without the RF MOT B-field gradient or the microwaves linking the |N P = 0 + and |N P = 1 − states) to image the molecular cloud. We probe only after a time of flight of ≥ 3 ms (when eddy currents from the field switch-off have decayed to a negligible level).
When the trap is maintained approximately at its switch-on gradient for the duration of trapping (referred to as the low-gradient case), so that only molecules in the most strongly-trapped states are retained, we load ≈ 40% of the molecules from the |N P = 1 − state in the MOT into the MQT. In this low-gradient case, only slight heating (to T trap ≈ 90 µK) is expected based on an analytic expression for the energy imparted by the switch-on of the MQT [36] ; we confirm this expectation in numerical simulations including the effect of gravity. Experimentally, we detect no substantial heating of the molecules by the trap. However, our signal-to-noise ratio in the lowgradient case is poor, leading to considerable uncertainty in the measured value of T trap . 
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Vertical arrows mark the six available microwave transitions, with their horizontal positions aligned below the relevant frequencies in plot (a). Red shaded regions show the energy spread for molecules in each trapped hyperfine state, assuming a Boltzmann distribution at 240 µK.
In the linear potential of an MQT, we expect the spatial distribution of molecules to deviate significantly from a Gaussian. This problem is especially severe in the lowgradient case (as opposed to when compression is applied), where the axial confining force is comparable to the force of gravity. Evidence of this distortion is apparent in our TOF images, at early times, in the low-gradient case. At present, we are unable to produce an analytic model of the spatial distribution in the MQT, and consequently have no suitable functional form with which to fit our data. Hence, we do not report quantitative measurements of the density in the MQT, but rather only of temperatures.
When compression is applied in the MQT, we load 75(2)% of |N P = 1 − state molecules from the MOT into the MQT, a factor of ≈ 2 increase compared to the lowgradient case. This indicates that, even with OP applied, a substantial fraction of molecules, ≈ 50%, remain in relatively weakly-trapped states. (Although the switch-on gradient is sufficient to levitate and confine our target state and the |N P = 1 − , J = 3/2, F = 1, m F = +1 state, other trappable states including
are below the levitation threshold here. If the gradient increases sufficiently rapidly for compression, some molecules in the latter states are nonetheless trapped, whereas none can be trapped in the low-gradient case.) This loading efficiency, with compression, molasses, and OP applied, is comparable to efficiencies realized in experiments with ultracold atomic gases [37] .
To crudely estimate the expected temperature in the compressed MQT, we consider only molecules in the most strongly-trapped states. For these molecules, again, we expect an initial temperature ≈ 90 µK. For adiabatic compression in an MQT, we expect T trap ∝ G 2/3 , where G is the final gradient [38] . Under our conditions, the gradient increases by a factor of ≈ 4 during the compression, corresponding to a factor of ≈ 2.5 increase in T trap . Hence we crudely expect T trap ≈ 230 µK after compression. To produce a more realistic estimate, we perform a numerical simulation for an ensemble with 50% of molecules in states with half the magnetic moment of the strongly-trapped states. Applying our standard data analysis to clouds from this simulation yields the apparent value T trap ≈ 250 µK. In the compressed MQT, we measure a molecular temperature of ≈ 240 µK, in good agreement with expectations from both these approaches. We note that the adiabaticity criterion (dω/dt ω 2 , where ω is the trap frequency) is not well-satisfied early in the compression sequence applied here, which could lead to additional heating of the trapped sample (see Supplemental Materials). In our simulations, however, we see no clear evidence of such heating when comparing our compression ramp to a slower ramp.
We detect no increase in the in-trap temperature with OP versus without it. When only the optical molasses is applied, we transfer 43(3)% of |N P = 1 − state molecules to the compressed MQT, and when only the OP stage is applied we transfer 26(1)%. An OP duration of 2 ms is found sufficient to maximize loading into the compressed MQT. Loading efficiency into the compressed MQT with OP is not strongly dependent on the OP laser intensity or the magnetic field magnitude; both can be decreased by factors of ∼ 2 and still yield similar results. Similarly, the magnetic field orientation can be varied by ±40
• with negligible change in loading efficiency. When neither the optical molasses nor OP stages are employed, we load just 21(1)% of |N P = 1 − state molecules. This highlights the importance of using both pre-cooling and OP to realize efficient transfer into the compressed MQT.
In this work, no attempt has been made to maximize the number of molecules captured in the RF MOT. Here we observe N MQT ≈ 1000 molecules in the compressed trap. However, based on the loading efficiencies achieved here and the maximum number of molecules previously observed in our RF MOT, N max MOT ≈ 10 4 [18] , we expect that optimization could allow capture of up to ≈ 7 × 10 3 molecules in the MQT.
To probe the |F, m F state distribution within the compressed MQT, we use microwave spectroscopy. In particular, we monitor trap loss while driving transitions between various SR/HF levels of the |v = 0, N P = 1 − and |v = 0, N P = 0 + states, at ∼ 15 GHz. This spectroscopy is performed for loading sequences both with and without OP and provides a direct measurement of how the |F, m F state distribution in the trap is modified by the OP (Fig. 2) . Once the MQT is loaded and compressed, a single microwave frequency (with ∼ 1 W of power and broadened to 3 MHz with uniform noise) is applied, starting at t = 242 ms and for a duration of 200 ms. The number of remaining |v = 0, N P = 1 − molecules is measured as a function of microwave frequency.
We detect no clear evidence of molecules trapped in |N P = 1 − , J = 1/2, F = 0, 1 either with or without OP. This is expected, given that the only trappable sublevel (|N P = 1 − , J = 1/2, F = 1, m F = −1 ) is weakly confining.
Without OP, we detect loss features in the compressed MQT corresponding to molecules populating both |N P = 1 − , J = 3/2, F = 1 and |N P = 1 − , J = 3/2, F = 2 . With OP, the number of molecules in |N P = 1 − , J = 3/2, F = 1 decreases by a factor of ≈ 1.8 as molecules are successfully pumped towards the target |N
Trap loss of molecules in the target |N P = 1 − , J = 3/2, F = 2, m F = +2 sublevel occurs when these molecules are driven to the |N P = 0 + , J = 1/2, F = 1, m F = +1 sublevel. Since both these sublevels have the same magnetic moment, all trapped molecules in the target sublevel are resonant for the same frequency, 15.01 GHz, regardless of the energy spread associated with the Boltzmann distribution. This resonance produces the sharp loss feature in our data when OP is present. (Molecules in |N P = 0 + , m F = +1 remain trapped, but are not detected.) The decreased width, when OP is applied, of the loss feature that extends to the blue of this narrow resonance indicates that OP is at least somewhat effective in depopulating the |N P = 1 − , J = 3/2, F = 2, m F = +1 sublevel, since this sublevel is linked via microwaves to states with differing magnetic moments.
The MQT lifetime is measured by detecting LIF as a function of hold duration in the MQT. Initial measurements in the compressed MQT gave a lifetime of 395(9) ms, comparable to the maximum lifetime in our RF MOT [16] , 370(40) ms under similar vacuum conditions. This indicates that the loss is dominated by collisions with background gases for both the MQT and the MOT.
To increase the MQT lifetime, an in-vacuum shutter was added to the molecular beam line, to reduce the helium gas load from the cryogenic source (Fig. 3) . This shutter, located 1.2 m upstream from the RF MOT center, is set to be fully open from t = 0 to ∆t. We find the initial number of molecules in the RF MOT is unchanged when ∆t ≥ 17 ms (Fig. 3 inset) . With ∆t = 17 ms, we measure an increased compressed MQT lifetime of 1.17(5) s while leaving N MQT unchanged. With the experiment repetition rates used here (0.4-1.4 Hz), this shutter duty cycle is observed to reduce the helium background pressure in the trapping region by a factor of ∼ 5, down to below the total pressure of all other background gases (∼ 5 × 10 −10 torr). At present, the in-trap molecule density is too low to detect inelastic molecule-molecule collisions, while the trap depth is large compared to the temperature for all relevant conditions. Therefore, the MQT lifetime is expected to be independent of the magnetic field gradient. To confirm this, we also measured the lifetime in the low-gradient case. Under this condition, we measure a lifetime of 1.04 (9) s. This is, as expected, negligibly different from the lifetime in the fully compressed trap.
In summary, we have demonstrated efficient transfer of ultracold molecules from an RF MOT into an MQT. Our transfer scheme is similar to those employed in ex- periments using ultracold atoms and achieves a comparable transfer efficiency of 64(2)% for all molecules in the RF MOT. Additional optimization of the OP by monitoring signals in the low-gradient MQT (rather than in the compressed MQT, as was done here) may increase the fraction of molecules pumped into the target state. An additional stage of OP prior to the molasses could recover the ≈ 14% of molecules left in the |N P = 0 + state, raising the overall loading efficiency further. The demonstrated lifetime, in excess of 1 s and limited only by background pressure, is likely sufficient to begin exploring atom-molecule collisions and the prospects for sympathetic cooling upon the addition of a co-trapped atomic sample [39] . These investigations will naturally lead to studies of controlled ultracold chemistry and attempts to tune elastic and inelastic collision rates. In the longer term, the increasingly high phase-space density accessible in conservatively trapped samples of polar molecules holds enormous promise for future generations of precision measurement experiments [5, 40, 41] .
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Supplemental Materials for Magnetically-Trapped Molecules Efficiently Loaded from a Molecular MOT
The experimental setup for magnetic trapping of SrF molecules is shown as Fig. 4 . Additional details regarding the RF MOT and rapid current switching circuit for magnetic trapping, as well as a discussion of the adiabaticity of the MQT compression sequency, are given in the sections below. Figure 5 shows the dependence of the molecular temperature after the molasses stage on magnetic field in the north-south and up-down shim coils.
ADDITIONAL DETAILS ON RF MOT
Our RF MOT uses a switching frequency of 1. Molecules from a cryogenic buffer gas beam source (not shown) are slowed and trapped in the RF MOT. The RF MOT B-field gradient is switched off, and the molecules are further cooled in an optical molasses, using the MOT laser beams at reduced intensity and blue detuning. The MOT trapping lasers are then switched off, and an additional laser beam optically pumps the molecules into the most strongly-trapped Zeeman sublevel. All lasers are shuttered, and a DC magnetic field gradient is rapidly switched on to capture the molecules in the conservative MQT. During the molasses and optical pumping stages, three orthogonal shim coils provide the necessary B-fields for optimal performance. (driving |v = 0, N P = 3 − → |v = 0, J P = 3/2 + ) to address decays into |v = 0, N P = 3 − due to accidental excitation of the J P = 3/2 + states [28] . RF sidebands are added to each of the MOT lasers to address the resolved spin-rotation/hyperfine (SR/HF) structure in the SrF ground state [15] . As described in Ref. [15] , one ground-state SR/HF level requires a different polarization for trapping, so an additional singlefrequency laser, L † 00 , with polarization opposite to L 00 , is tuned closer to resonance with this level than the closest L 00 sideband in order to approximate the optimum polarization scheme. The maximum powers of the L 00 and L † 00 trapping lasers are 110 mW and 30 mW, respectively, corresponding to intensities 430 mW/cm 2 and 120 mW/cm 2 , respectively (including all six passes of the beams through the trapping region).
RAPID SWITCHING CIRCUIT FOR MAGNETIC TRAPPING COILS
The magnetic trapping coils consist of 14 layers of 8 turns each, with inner diameter diameter ≈ 7 in and outer diameter ≈ 9 in, and have a mean vertical separation of ≈ 6 in. The 7/32 × 7/32 in 2 square wire is watercooled, through a small hole in the center of the wire. The two coils are wired in series, with resistance ≈ 0.2 Ω and inductance ≈ 3.6 mH.
Due to the substantial inductance of our magnetic trapping coils, it is technically challenging to produce rapid changes in the current and therefore gradient applied in the trap. This rapid-switching capability is, however, highly desirable for magnetic trapping. In order to capture as many molecules as possible, it is important that the trapping coils be able to rapidly switch on to produce a gradient large enough to levitate molecules in the trapping state against gravity. In order to obtain accurate time-of-flight imaging data, it is important that the coils switch off rapidly to allow free evolution of the molecular cloud. To achieve switch-on and switch-off times under 1 ms, we implement custom circuitry largely based on the designs described in Ref. [35] .
The rapid switching circuitry can be roughly understood as consisting of three functional blocks (Fig. 6a) . The first is the rapid switch-on block. This block contains a high-voltage DC-DC converter which charges a large, 10 µF capacitor to up to 1 kV (depending on the switch-on current desired). To trigger the rapid switchon, a digital signal closes a thyristor and allows the capacitor to discharge into the trapping coils. This circuit allows magnetic field gradients of 32 G/cm to be produced by our trapping coils within 250 µs. (The rapid switch-on produces a transient ≈ 20% overshoot of the target current, as can be seen in Fig. 6c .) The second functional block is the main, high-current power supply, which allows current to be maintained at a nearly constant level during magnetic trapping or to be increased in a ramp for adiabatic compression, up to 165 A (corresponding to a magnetic field gradient of 140 G/cm). This power supply is protected from the high voltages present during switch-on and switch-off by a high-current diode. The final functional block is the rapid switch-off circuitry, which includes a high-power insulated-gate bipolar transistor (IGBT) module and a series of transient voltage suppression (TVS) diodes. The IGBT module controls all current flow in the coils; when the IGBT module is closed, current may flow, and when the IGBT module is opened, current rapidly stops flowing. Due to the large inductance of the trapping coils, rapid switch-off of the current can cause very high voltages across the IGBT module. To limit these voltages to safe levels (here, ∼ 600 V), TVS diodes provide an alternate path to ground. These are arranged as a series of 11 pairs of TVS diodes. With this limiting voltage, switch-off from the full 165 A current can be achieved in less than 1 ms (Fig. 6d) .
During testing, our CCD imaging camera was found to be sensitive to the magnetic fields produced at its original location very near the trapping coils. For this work, using a one-to-one telescope, the camera was moved far enough away from the trapping coils to reduce the effect from magnetic fields to a negligible level. This change was found to reduce the collection efficiency of our imaging optics by a factor of 1.8 compared to previous work and to reduce the field of view to 17.8 mm by 13.3 mm (compared to 19.9 mm by 14.9 mm previously) [15] .
ADIABATICITY OF MQT COMPRESSION
In order for compression to be adiabatic, we require dω/dt ω 2 , where ω is the frequency of molecular motion in the trap. For the linear potential in an MQT, there is not a well-defined trap frequency, so we identify an effective trap frequency ω eff ∼ v/r, where v is the velocity of a molecule in the trap and r is the radius of its orbit. For the most strongly-trapped states, using the virial theorem, we have mv 2 ∼ µ B Gr, where m = 107 amu is the mass of SrF, µ B is the Bohr magneton, and G is the magnetic field gradient. From the equipartition theorem, we have mv 2 ∼ k B T , where k B is the Boltzmann constant and T is the temperature. We have the initial effective trap frequency ω eff 0 ∼ µ B G 0 /( √ mk B T 0 ), where T 0 is the expected initial temperature in the trap and G 0 the initial trap gradient. We take G 0 to be the geometric mean of the switch-on gradient in the axial and radial dimensions. If the compression is adiabatic, we would expect r ∝ G −1/3 and v ∝ G 1/3 [38] , so that ω eff ∝ G 2/3 . Then ω eff (t) = ω This is inconsistent with the adiabatic condition that was assumed. Hence, it is plausible that the MQT compression may not be well described by the usual adiabatic compression formulation. This means that the phasespace density of molecules may decrease during the early part of the compression ramp. Later in the ramp, dG/dt remains the same or decreases, while ω eff increases, so adiabaticity should be increasingly satisfied.
